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Aim. To develop enzyme conductometric biosensor for maltose determination. Methods. A conductometric
transducer consisting of two gold pairs of electrodes was applied. Three-enzyme mem- brane (glucose
oxidase, mutarotase, o-glucosidase) immobilized on the surface of the conductometric transducer was used
as a bioselective element. Results. A linear range of maltose con- ductometric biosensor was from 0,002 mM
to 1 mM for glucose and maltose detection. The time of maltose analysis in solution was 1-2 minutes. The
dependence of biosensor responses to substrate on pH, ionic strength, and buffer capacity of work solution
was studied. The data of biosensor selectivity are presented. The developed conductometric biosensor is
characterized by high operational sta- bility and signal reproducibility. Conclusion. The enzyme conduc-
tometric biosensor for maltose determination has been developed. The analytical characteristics of the
maltose biosensor were investigated. The proposed method could be used in food industry to control and

optimize production.

Keywords: conductometric biosensor, maltose, mutarotase, glucose oxidase, o-glucosidase.

Introduction. At present, maltose syrup is more and
more applied in food industry because of its properties:
sweetness, high thermostability, low hydroscopy and
viscosity, absence of crystallization at storage; besides,
maltose is energetically valuable, easily assimilated by
organism. Comparing to other low-molecular
carbohydrates, maltose syrup is the most effective
compound preventing saccharose crystallization. Due
to unique characteristics, maltose syrups are used at
production of wide range of confectionery (caramel,
frozen dairy produce, jellies, canned fruits, etc.).
Besides, saccharose is frequently substituted for
maltose in food manufacture, in particular, in
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production of child foodstuff, due to lower
allergenicity of maltose. Maltose is wused in
manufacture of dietetic and sports foodstuff, bread,
wine, preserves, beverages. Besides, maltose is utilized
in microbiology and pharmacology [1].

In organism, maltose is decomposed to two glucose
molecules due to activity of enzyme maltase
(a-glucosidase) which presents in digestive juices of an-
imals and humans. Genetically determined absence of
maltase in mucous coat of human intestine causes con-
genital intolerance to maltose which is a severe disease
and requires to eliminate maltose, starch and glycogen
from the ration and to supplement it with maltase [2].

Hence, it is comprehensible that well-adjusted sys-
tem for monitoring maltose concentration is necessary
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in food production and medicine. Besides, maltose is
determined in enzymology and microbiology for moni-
toring the fermentation process. The modern standard
methods of high-precision determination of maltose,
i.e. gas and liquid chromatography, chemical and opti-
cal methods, require complex and expensive equipment
served and maintained by highly qualified personnel
[3]. Rather complicated pretreatment of samples to be
analyzed is one more disadvantage of the above meth-
ods. Polarometry and refractometry, though simple and
fast, are less precise and selective methods. In contrast,
biosensors are easy-to-use, accurate, selective, quick,
and inexpensive devices. This is why development of
biosensors for maltose determination can facilitate and
improve maltose monitoring in food production and
medical diagnostics.

At present, there are a number of laboratory proto-
types of biosensors for maltose analysis [3-14] with dif-
ferent enzymes immobilized on the electrode surface:
amyloglucosidase and glucose oxidase [3-5];
amyloglucosidase, mutarotase, glucose oxidase and
peroxidase [6]; a-glucosidase and glucose oxidase [3,
7-9]; a-glucosidase, mutarotase and glucose oxidase
[10]; a-glucosidase and glucose dehydrogenase [9, 11];
a-glucosidase and glucokinase [12].

Working  characteristics of the developed
biosensors differ depending on the ratio between en-
zymes, and the kind of mediators and stabilizing agents
in the bioselective membrane; type of transducers; and
the method of immobilization of an enzymatic mem-
brane on the electrode surface. For instance, the
amperometric sensor system for simultaneous determi-
nation of maltose and glucose is reported to be devel-
oped on the basis of carbon electrodes [5]. Two en-
zymes, amyloglucosidase and glucose oxidase, were
used for maltose measurement, and only glucose
oxidase— for glucose. 1,1'-ferricyanide methanol served
as a mediator. The solution with 3.5%
hydroxyethylcellulose and 3% polyethylene glycol was
prepared for obtaining external membrane. Optimal pH
of the sensor system was 4.8. Linear range of sensor op-
eration remained up to 40 mM glucose and 20 mM
maltose. The enzyme electrodes did not lose their
activity during 4-month dry storage at 4°C.

The amperometric biosensor for maltose analysis
described in [10] is based on determination of activity

of a-amylase which hydrolyzes starch to maltose. The
bioselective membrane on the electrode surface was
formed by immobilization of glucose oxidase,
mutarotase and o-glucosidase with gelatine and BSA
by means of glutaraldehyde. The biosensor is character-
ized by linear dependence of the response on maltose
concentration within the range of 0.1 — 3 mM. The
response time was 30 s.

In [7] the authors inform about the amperometric
enzyme biosensor for maltose determination in culture
fluid aimed at research of fermentation followed by
changes in maltose concentration. Influence of
a-glucosidase and amyloglicosidase on efficiency of
transformation of maltose to glucose was studied and
shown amyloglicosidase to be more helpful. This is
why mixture of amyloglicosidase with glucose oxidase
was used in the biosensor developed which enabled
measurement of maltose concentration in culture fluids
in the range of 0.2 - 4 mM.

There is an information on the amperometric
multibiosensor for determination of several carbohy-
drates (maltose, lactose, saccharose and glucose) [3]
and the potentiometric biosensors based on
thermostable elements for simultaneous analysis of
saccharose, maltose and glucose in solution [12].

Though most of developed biosensors for maltose
determination are of amperometric type [5, 9, 10, 12]
they have some disadvantages as compared to those of
conductometric kind. First one is a high applied poten-
tial which results in error occurring because of the pres-
ence of other electrooxidizing components, e.g. ascor-
bic acid, in the solution. Second, they need technologi-
cally complicated and expensive reference electrodes.
Third, Faraday processes on electrodes owing to high
applied potential. Besides, amperometric biosensors
are more expensive.

Basically, with regards to other electrochemical
biosensors, conductometric biosensors are relatively
simple, easy-to-use, precise, and useful in view of nu-
merous research and commercial challenges [15, 16].
The goal of this work was development of a
conductometric enzyme biosensor for maltose determi-
nation and study on its working characteristics.

Materials and methods. Materials. The
frozen-dried preparations of glucose oxidase (GOD)
from Penicillium vitale (EC 1.1.3.4.) with activity of
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130 U/mg, production of “Diagnostikum” (Lviv,
Ukraine), mutarotase (EC 5.1.3.3.) with activity of 100
U/mg, production of ,Biozyme Laboratories Ltd”
(Great Britain), a-glucosidase (EC 3.2.1.20.) from Ba-
cillus stearotermophilus with activity of 109 U/mg,
production of ,,Sigma-Aldrich Chemie” (Steinheim,
Germany) were used. Bovine serum albumin (BSA)
(fraction V) and 50 % aqueous solution of
glutaraldehyde (GA) were also from “Sigma-Aldrich
Chemie GmbH” (Steinheim, Germany). As substrates
were maltose and glucose, “Merck” (Germany). Potas-
sium-phosphate solution (KH2PO4-NaOH) manufac-
tured in "Merck” (Germany) was used as a buffer solu-
tion. The rest inorganic compounds were of domestic
manufacture, had analytical reagent grade and were
used as received without additional purification.

We used conductometric transducers manufactured
in V. Lashkaryov Institute of Semiconductor Physics
NASU (Kyiv, Ukraine). They consist of two identical
pairs of gold interdigitated electrodes obtained by vac-
uum sputtering of gold onto ceramized plate of 5x40
mm. The sensitive surface of each pair was about 1.0
mm x1.5 mm, the distance between neighbour digits, as
well as the digit width were 20 pum.

Preparation of bioselective membranes. The en-
zymes in membrane were immobilized on the elec-
trodes surface by glutaraldehyde (GA). To prepare the
gel for formation of the membrane for glucose biosen-
sor, the solution consisting of 7% glucose oxidase, 13%
BSA, 20% glycerol in 20 mM phosphate buffer, pH 7.5,
was used. The reference membrane gel was prepared in
the same way but 20% BSA was taken instead of the en-
zymes. Glycerol was added to the gel to stabilize the
immobilized enzyme and prevent early drying of the
solution deposited on the transducer surface. BSA in
the enzyme membrane served as a stabilizing agent for
enzymes. Prior to the deposition, the said gels (for en-
zyme membrane and referent membrane) were mixed
with 1 % GA aqeous solution at ratio 1:1.

The gel for formation of the membrane for maltose
biosensor was prepared using the solution consisting of
5%a-glucosidase, 5.5% mutarotase, 5% GOD, 4%
BSA, 20% glycerol in 20 mM phosphate buffer, pH 7.5.
The gel for referent membrane was made in the same
way but 20% BSA was used instead of the enzymes. All
prepared solutions had the same protein content.
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Further procedure for both glucose and maltose
biosensors was alike. After membrane deposition on
the electrodes surface, the sensors were dried in the air
at room temperature for 30 — 50 min. Before the start of
experiments, the sensors were placed in the buffer solu-
tion to washout GA excess; the further experiments
were carried out in the same buffer.

Experimental setup. The interdigitated electrodes
(differential pair) located in a cell with the tested solu-
tion, are supplied with alternating voltage of 100 kHz
and amplitude of 10 mV from the low-frequency signal
generator G3-118 (Ukraine). The signal obtained on
sensor electrodes is taken from the load resistance
Ru=1 kQ, through the differential amplifier
Unipan-233-6  (Poland) enters the selective
nanovoltmeter Unipan-233 (Poland) and then is regis-
tered by a recording device. In experiments, depend-
ence of the output signal amplitude on the substrate
concentration was measured.

Measuring procedure. Measurements were carried
out at room temperature in the potassium-phosphate
buffer solution of different molarity and pH, inten-
sively stirred in an open cell. The sensor was first
soaked for a while in the 2 ml cell filled with the phos-
phate buffer solution, to obtain a steady-state primary
signal, i.e. the sensor base line. A certain aliquot of the
standard concentrated initial solution of the substrate
was then introduced into the cell to obtain a signal to the
substrate. Non-specific changes in the output signal as-
sociated with fluctuations of temperature, medium pH,
and applied voltage were compensated by using differ-
ential mode, i.e. measurement of difference between
the signals from two pairs of electrodes, with active and
inactive membranes, placed on the same transducer.

Results and discussion. The cascade of enzymatic
reactions is a basis of the conductometric biosensor sys-
tem for maltose determination:

(o-glucosidase, EC 3.2.1.20)
maltose + H,0 — a-D-glucose + a-D-glucose; ey
(mutarotase, EC 5.1.3.3)
o-D-glucose — B-D-glucose; (2)
( glucose oxidase, EC 1.1.3.4)
B-D-glucose + O, — D-gluconolacton + H,0, 3)
U

D-gluconic acid + H,O <> acid residue + H'. 4)
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Fig. 1. Dependence of changes in conductivity of maltose biosensor
on glucose (/) and maltose (2) concentrations. Measurements in 5
mM phosphate buffer, pH 6.5.

o-Glucosidase, mutarotase and glucose oxidase
disintegrate maltose gradually to hydrogen peroxide
and D-gluconolacton. The latter, in its turn, is hydro-
lyzed spontaneously to gluconic acid which dissociates
for acid residue and proton, thus, the solution conduc-
tivity changes that can be registered by the
conductometric transducer [17].

The graphs of dependence of the changes in con-
ductivity of maltose biosensor on glucose and maltose
concentrations are shown in Fig. 1. Measurements were
carried out in 5 mM phosphate buffer solution, pH 6.5.
Linear range of biosensor operation was up to 1 mM,
detection limit - 0.002 mM for both glucose and
maltose.

Whereas a maltose biosensor responds to both glu-
cose and maltose, a glucose sensor is needed along with
maltose one for just maltose determination, and it is
two-staged procedure. First, glucose concentration in
the sample is measured by glucose sensor, then sum-
mary maltose and glucose concentration — by maltose
sensor, the difference corresponds to maltose concen-
tration. Looking ahead, we assume a possibility of the
simultaneous analysis as soon as the transducer with
three pairs of electrodes is developed.

The changes in solution conductivity, which is
known to be a basis of conductometric method, depend
both on the enzymatic reaction as such and on the char-
acteristics of the solution where this reaction takes
place. That is why the influence of solution parameters
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Fig. 2. Dependence of maltose biosensor responses to introduction
0f 0.5 mM glucose (/) and 0.5 mM maltose (2) on pH. Measurements
in universal buffer solution.

(ion strength, buffer capacity, pH) on the sensor re-
sponse was studied in the first place.

Each enzyme is characterized by its own optimum
pH. Atimmobilization some of them can change pH op-
timum shifting it towards either alkaline or acid region.
Since we have a mixture of three immobilized enzymes
with different optimum pH, we have to find optimal pH
of the buffer solution for work of all three enzymes.

Measurements were carried out in the universal
buffer solution, which consists of mixture of different
buffer solutions and has constant buffer capacity inde-
pendent on pH. The curves of dependence of the bio-
sensor signals to introduction of 0.5 mM maltose and
0.5 mM glucose on pH were bell-shaped with the
maximum at 6.0 (Fig. 2).

Dependence of the biosensor responses to maltose
in buffer solutions of different concentration is pre-
sented in Fig. 3. The buffer concentration increase is
seen to result in decrease of biosensor responses, con-
siderable drop of the biosensor sensitivity to maltose
whereas linear range of measurement rather raises.

Dependence of the biosensor responses to addition
of 0.5 mM glucose and 0.5 mM maltose into buffer so-
lutions of different concentrations (Fig. 4) demon-
strates decrease in responses to glucose and maltose at
increasing buffer concentration. It is a result of the raise
in background conductivity of the buffer solution and
its capacity, and should be taken into account in further
experiments.
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Fig. 4. Dependence of biosensor responses to addition of 0.5 mM
maltose (/) and 0.5 mM glucose (2) on concentration of phosphate
buffer solution.

Ion strength of buffer solution is an important pa-
rameter negatively influencing measurement by
conductometric biosensor. To study this effect, the sig-
nals to 0.5 mM maltose and 0.5 mM glucose were mea-
sured while KCl of different concentrations was added
into the buffer solution. The graph obtained (Fig. 5)
shows decrease in responses at increasing ion strength:
at first, considerable drop in the biosensor response is
revealed; next, at KCI concentrations of 20 — 50 mM,
the signal value was less than 10% of that obtained in
the cell without KCI. One of the main causes of this ef-
fect is an increase in background conductivity of the so-
lution. So, ion strength control of the analyzed samples
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is important at measurement by conductometric
biosensors.

Operational stability and signal reproducibility are
basic characteristics of biosensors. In the experiments,
the maltose concentration on the linear part of the bio-
sensor calibration curve was taken. The sensor ap-
peared to have high signal reproducibility (Fig. 6).

Selectivity as an essential characteristic of the
conductometric maltose biosensor was studied by de-
termination of its responce to the interfering sub-
stances. Measurements were carried out in 5 mM phos-
phate buffer solution, pH 6.5. The interfering sub-
stances of 0.5 mM concentration were introduced into
the cell; the response to 0.5 mM maltose was taken as
100% . Selectivity of the biosensor for maltose
determination:

0.5 mM substance Relative response of maltose
biosensor (%)

Maltose 100
Glucose 139
Saccharose 4
Fructose 0
a-lactose 0
B-lactose 0
Mannose 0

Basically, the tested conductometric system was
shown to be selective and, thus, can be suggested for
further application in the analysis of real samples. The
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Fig. 5. Dependence of response of maltose biosensor to 0.5 mM
maltose (/) and 0.5 mM glucose (2) on concentration of KCI in 10
mM phosphate buffer solution, pH 6,0.
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Fig. 6. Operational stability of sensor for maltose determination.
Measurements in 5 mM phosphate buffer, pH 6.0; 0.25 mM maltose
(1) and 0.25 mM glucose (2) were inserted into the cell.

maltose biosensor response to glucose is quite compre-
hensible since glucose oxidase is a component of the
enzyme membrane. This is why to measure maltose in
case when glucose is present in the samples tested, an-
other sensor, sensitive only to glucose, should be used
along with the maltose one.

Conclusion. A conductometric biosensor with
three-enzyme membrane as a sensitive element is de-
veloped for maltose determination, its analytical char-
acteristics in the analysis of model samples (response
dependence on pH, ion strength, buffer capacity of
working solution) are investigated. The biosensor sug-
gested is characterized by high operational stability and
signal reproducibility. Maltose determination in real
samples is a goal of further study.

B. M. Ilewxosa, O. A. Casnina, O. O. Condamxin, C. B. /[310e6uu

DepMEeHTHUN KOHIYKTOMETPUYHUI OioceHCop

UL BU3HAYEHHS MaJIbTO3H
Pesrome

Mema. Pospobumu epmernmuuii KOHOYKmomempudHuil 6iocencop
ons eusnavenusa maromosu. Memoou. Y pobomi ukopucmano Kou-
OyKmoMempuuti nepemeoposayi, Wo CKI1a0amscs 3 060X nap 30-
aomux epebinvacmux enexmpoodie. Ha noeepxuio ocmanmnix
HaHeceHo 6ioceneKmusHy Memopany, 0o ckaady sKoi 6xo00sms ep-
MeHmu 210K0300KCU0A3d, Mymapomasd, o-euoxkosuoasa. Pezyns-
mamu. JIiHiUHUT 0iana3zoH KoHyeumpayii 20Ko3U | Maibmo3su, siKy
MOICHA BUABNAMU 30 OONOMO20I0 KOHOYKIMOMEMPUUHO20 bioceHco-
Pa 07131 U3HAYeHHs Malbmo3u, cmanosums 6i0 0,002 0o 1 mM. Yac,
nompi6Hutl 0151 6CMAHOBIEHHs KOHYEHMPAYLl Maibmo3u 6 po3uuHi,
dopientoe 1-2 x8. Jlocnioxceno 3anedcHicms GeiUYUHU BI02YKY
6iocencopa Ha enecenns cyocmpamy 6i0 pH, ionnoi cunu ma 6y-
Gepnoi emnocmi pob60u020 po3uuny, NPeOCmasieHo Oani no ceiex-
muenocmi  6iocencopa.  Poszpobnenuii  KOHOyKmMomempuuHuil
6iocencop Xapaxkmepuzyemuocs BUCOKOIO onepayiunoio
cmabineHicmo ma eiomeoprosanicmio cuenany. Bucnosxku. Cmeo-
PEHO hepmeHmHUL KOHOYKMOMeMPUUHULL OI0CEHCOP OJisl 6U3HAYEH-
HSL MATLMO3U MA NPOAHANIZ08AHO 1020 POOOUL XAPAKMEPUCUKU.
3anpononosany memoouxy 6UMIPIOGAHHS MANLMO3U MOJICHA 34-
Ccmocogygamu y NOOAIbULOMY 8 XAPHOBIll NPOMUCIOBOCTT OISl KOH-
mpoaio i onmumizayii supoOHUymaa.

Knrwouosi crnosa: kondykmomempuunuii 6ioceHcop, maibmosd,
Mymapomasa, enoKo300KCuod3d, o-21oKo3udasd.

B.H. Ilewxosa, O. A. Caanuna, A. A. Conoamxun, C. B. J[3a0e6uu

DepMeHTHBINH KOHAYKTOMETPUYECKUI OMOCEHCOpP AJIs

OmnpeIeIeHUs MalIbTO3bI
Pesrome

I[ens. Paspabomams pepmenmuulii KOHOYKmMoMempuieckuil 6uo-
cencop 07 onpedenenus maiomosvl. Memoowl. B pabome ucnono-
306a1U  KOHOYKmMoOMempuieckue npeoopazoeament, 6 COCMAG
KOMOPbIX 6X0051m 08e NApbl 3010MbIX 2peOeHuamvlX 2NeKmpooos.
Ha nogepxnocmuv 21ekmpo0os Hanocuiu 6UOCENeKMmugHy0 mpu-
hepmenmuyio memopany (210K0300KCUIA3A, MYMAPOMasd, O-210-
Kkoszudasa). Pesynomamol. Jluneunviii OuanasoH KOHYeHmMpayuu
2NI0KO3bl U MATLIMO3bL, KOMOPbLE 803MOICHO BbIAGUNDL C NOMOUbIO
KOHOYKMOMempuyecko2o Ouocencopa 0 onpeoeienus Maibmo-
3v1, cocmasasem om 0,002 0o 1 mM. Bpems, nyacHoe 05 ycmanog-
JIeHUsl KOHYeHmpayuu Maibmossl 6 pacmeope, pagHo 1—2 mumn.
Hzyuena 3asucumocms omraukog buocencopa ma cyocmpam om
PpH, uonnoii cunvl u 6yghepnoii emxocmu pabouezo pacmeopa, npeo-
cmagaenvl dannvie no cenexmugsnocmu. Co30anHvlii KOHOYKMO-
mMempuueckuil OUOCeHcop Xapakmepuszyemcs 6blCOKOU onepa-
YUOHHOU CMAOUTLHOCIbIO U BOCHPOUZBOOUMOCHIbIO cueHand. Bui-
600ubl. Paspaboman ¢hepmenmubiii KOLOyKkmomempuieckuii Ouocen-
cop 01a onpedeneHUs MAnbMO3bl U UCCAEO08AHbL €20 pabouue
xapaxkmepucmuku. IIpeonosicennas memoouka usmepeHuss Maiomo-
361 MOdCen Oblmb NPUMEHeHd 8 OdlbHelueM 8 NUeEoU NPOMbLL-
JIeHHOCMU 011 KOHMPOJISL U ONMUMUZAYUU NPOU3BOOCTEA.

Kurouegvie crnosa: KonOykmomempuueckuti Ouocencop, Maib-
mosa, Mymapomasa, enioK0300KcUuoasd, 0-2oKo3uoasd.
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